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Using Fourier-Transform Mid-Infrared Spectroscopy to
Distinguish Soil Organic Matter Composition Dynamics
in Aggregate Fractions of Two Agroecosystems

c ltz* The relationship between soil organic C (SOC) content and its composition
Lisa M Fultz as impacted by management is not well understood and may influence long-
Jennifer Moore'Kuice'fa term storage of SOC. To better understand the potential for SOC storage in

Dep. i Flaii arel e Setance specific aggregate pools (e.g., physically protected intra-aggregate C), a wet-

Box 42122 A . . . .
Texas Tech Univ. sieving aggregate fractionation method was coupled with Fourier-transform

Lubbock, TX 79409-2122 mid-infrared (MidIR) spectroscopy to determin.e the composition of water-
stable (macroaggregates, microaggregates, and silt + clay) and intra-aggregate

Francisco Calderén (particulate organic matter [POM], microaggregates, and silt + clay) frac-
USDA—ARS tions under an integrated crop-livestock (ICL) system and continuous cotton
Central Great Plains Resources (Gossypium hirsutum L.) production. These agroecosystems were located in
Management Research Station the semiarid Texas High Plains on a clay loam soil. The ICL system included
40335 County Road GG a paddock of grazed WW-B. Dahl Old World bluestem [Bothriochloa blad-
Akron, CO 80720 hii (Retz) S.T. Blake] and a no-till crop rotation of wheat (Triticum aestivum

. . L.)-fallow-rye (Secale cereale L.)-cotton for livestock grazing and cotton pro-
Veronica Acosta-Martinez duction. Distance-based redundancy analysis (dbRDA) of the MidIR spectra
LEDR=ARE distinguished the intra-aggregate POM from the other fractions. The intra-
gg%ﬂ?ﬁ SSZStemS Reserien (el aggregate POM fraction was correlated with increased pseudo-absorbance

Lubbock, TX 79415 (PA) in regions fassociated with c;.xrboxylates, phenolic C-O, aliphatic C-H,
and quartz, while macro- and microaggregates demonstrated higher PA at
1570 and 1700 to 1765cm~". Differences attributed to management were
identifiable in intra-aggregate POM and both silt + clay fractions. Within
the intra-aggregate POM, dbRDA showed that bluestem was characterized
by higher PA at 2800 to 3000 and 3300 to 3450 cm™! relative to the rest of
the rotations. In the silt + clay fractions, more labile functional groups were
found following rye and cotton planting.

Abbreviations: CTN, continuous cotton; ICL, integrated crop-livestock; MidIR, Fourier-
transform mid-infrared; SOC, soil organic carbon; PA, pseudo-absorbance; POM,
particulate organic matter; RCWF, rye-cotton-wheat-fallow; WFRC, wheatfallow-rye—
cotton.

he soil organic C (SOC) pool, encompassing more C than found in the
atmospheric and vegetation pools combined, is directly impacted by
management practices, which influence the magnitude and rate of C stor-
age (Schlesinger, 1977; Post et al., 1982; Batjes, 1996). Ql{antiﬁcation of SOC
in the whole soil is one of the most commonly measured soil properties to moni-
tor the impacts of management on soil quality; however, measurable changes may
take decades to reflect shifts in management practices. To address this, pools of
SOC have been identified ranging from readily decomposable compounds that
are more sensitive indicators of change to more stable, recalcitrant material that

persists following decomposition. To isolate these fractions, physical fractionation
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techniques such as those described by Elliott (1986) and Six et
al. (2000) disperse the soil into distinct aggregate fractions in-
cluding the protected intra-aggregate pools that represent labile
C (particulate organic matter [POM]) and recalcitrant C (mi-
croaggregates) pools. By quantifying the C in these pools, it is
possible to estimate potential C storage as impacted by manage-
ment. However, a critical step in comprehending C sequestra-
tion potential and the soil’s ability to protect and store SOC is
understanding management practices influence on the chemical
composition of SOC (Blanco-Canqui and Lal, 2004; Calderén
etal.,, 2011a,2011b).

The chemical composition of aggregates has been, in part,
described using the aggregate hierarchical model (Oades, 1984)
and the “life cycle” of a macroaggregate (Six et al., 2000). The
formation of macroaggregates is aided by decreased disturbances
and increased organic matter inputs from surface and subsurface
vegetation. The increase in macroaggregates, compriscd of a mix-
ture of C components, provides an environment suitable for the
formation of stable intra-aggregate microaggregates (Six et al,,
2000; Denef et al., 2004). During decomposition of the more
labile materials, the relatively recalcitrant C components persist
as the building blocks for intra-aggregate microaggregate forma-
tion. Stable conditions allow the macroaggregate shells to degrade
slowly; however, under conventional tillage practices, macroag-
gregates are destroyed and the intra-aggregate C is exposed and
subjected to degradation, altering the overall C composition.

Diffuse reflectance Fourier-transform mid-infrared (MidIR)
analysis, also known as DRIFTS or FT-IR, which covers the 400
to 4000 cm™! range, can provide a semiquantitative overview
of soil C functional groups (Haberhauer and Gerzabek, 1999;
Reeves et al., 2001; McCarty et al., 2002; Calderdn et al., 2013)
and SOC turnover rates in environmental samples (Ellerbrock
and Kaiser, 2005). When coupled with aggregate fractionation
methods, MidIR analysis has been used to identify the interac-
tions between SOC and the formation of soil aggregates along
with the microbial community composition (Davinic et al.,
2012). In turn, the ratio of absorbance of specific peaks (i.c.,
1600/1060 cm™1) can be used to indicate the level of decompo-
sition of the associated organic material (Prasad et al., 2000; Artz
et al,, 2006). Soil fractions incubated for 800 d showed that ab-
sorbance at 3400, 2920 to 2860, and near 1220 cm ™! marked the
presence of biologically labile bands, while absorbance at 1630
em ™! was aligned with a resistant form of organic C (Calderén
etal, 2011b). As with all methods aimed at characterizing SOC,
MidIR spectroscopy has certain limitations. For example, soil is
inherently complex in chemical composition and thus overlap-
ping bands that represent specific functional groups can be dif-
ficult to resolve (Table 1). Mineral composition strongly influ-
ences the soil spectra given that most soils are dominated by min-
erals (i.c., sands, silts, and clays), which can have high molar ab-
sorptivity. However, spectral libraries are continually improved
with the accumulation of data from a variety of environments
and soil types that identify specific spectral bands or regions as-
sociated with specific C functional groups (Parikh et al., 2014).

In the Texas High Plains, an integrated crop-livestock
(ICL) system (perennial grass and two stages of a no-till rota-
tion) increased SOC by 27% in 2007 compared with the typi-
cal continuous cotton (CTN) system (Acosta-Martinez et
al., 2010). After 13 yr, the ICL system increased SOC by 31%

Table 1. Functional groups assigned to specific peaks and
bands within the mid-infrared region adapted from Parikh et
al. (2014). (Note: mid-infrared absorption bands can occur
over a range, and that there are overtone and combination
bands from several different functional groups that may over-
lap with these frequencies. The list of possible bands that can
occur in soils and soil fractions is extensive, please refer to the
work of Parikh et al. (2014) for a more detailed list.)

Wavenumber Assignment Referencest
cm™!
3700-3200 O-H and N-H stretch, Si-O-H 1,2

stretch in clays

3450-3300 H-bonded O-H, N-H stretch; greater 3, 4, 5, 6
N-H contribution at lower range
3000-2800 aliphatic C-H stretch 3,6
2000-1790 quartz overtones 2
1765-1700 carbonyl C=0 stretch# 1,4,8,9
1720 carboxylic acid C=0 stretch 3,10
1710 free organic acid carboxylic C=O 12
1700 carboxylic acid, ketone, aldehyde 1
C=0 stretch
1660-1630 amide C=0 stretch (amide I), organic 4, 5
nitrates
1650-1600 aromatic C=C stretch and/or 4,10,11, 12,
carboxylate C-O asymmetric stretch 13
and/or conjugated ketone C=O
stretch
1570 aromatic C-H deformation, amide Il 7
band
1470-1370 aliphatic C-H bend, nitrates, acetyl 4, 8, 10
1410-1380 phenolic C-O stretch, OH 8,10, 18
deformation
1400-1380 carboxylate C-O symmetric stretch, 14, 15
C-N stretching, N-H deformation,
C-H deformation
1350-1315 ester C-O 1
1280-1200 C-O stretch in carboxylic acid, 5
phenol C-O asymmetric stretch, OH
deformation, ester
1160-1000 ester, phenol C-O-C, C-OH stretch, 8,13, 16
attributed to polysaccharides or
polysaccharide-like compounds,
silicates
975-700 aromatic C-H out-of-plane bend; 1,3,7,17

increasing wavenumber with
increasing degree of substitution

t 1, Tatzber et al. (2007); 2, Nguyen et al. (1991); 3, Senesi et al.
(2003); 4, Fernandez-Getino et al. (2010); 5, Vergnoux et al. (2011);
6, Piccolo et al. (1992); 7, Ascough et al. (2011); 8, Olk et al. (2000);
9, He et al. (2011); 10, Artz et al. (2008); 11, Solomon et al. (2007);
12, Sanchez- Monedero et al. (2002); 13, Haberhauer (1998); 14,
Ellerbrock et al. (1999); 15, Ding et al. (2002); 16, Tandy et al. (2010);
17, Cécillon et al. (2012); 18, Movasaghi et al. (2008).

% For a detailed discussion of carboxyl assignments, see Hay and
Myneni (2007).
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when we compared the original soil samples before the change
in management to ICLs, while SOC concentration did not
change during the same time period in a CTN field (Fultz et
al., 2013b). A similar study comparing five additional ICL op-
tions in the same region found that ICLs significantly increased
SOC (up to 45%), and the change resulted in an increase in
protected intra-aggregate SOC (up to 157%) relative to CTN
production (Fultz et al., 2013b). For all ICLs evaluated in this
region, perennial vegetation always increased aggregate stability
and SOC concentration in both the intra-aggregate POM and
microaggregate fractions. However, little change during 13 yr of
management was observed in the isolated silt + clay and intra-
aggregate silt + clay fractions, typically associated with microbial
byproducts and longer SOC turnover (Sollins et al., 2006). More
knowledge is required on the effects of ICLs on C budgets and
the composition of SOC accumulated under their management.
Therefore, the objective of this study was to examine the SOC
within soil aggregates using MidIR spectroscopy to characterize
organic functional groups in three water-stable and three pro-
tected intra-aggregate fractions under an ICL compared with a
continuous monoculture cotton system discussed by Fultz et al.
(2013a). We hypothesized that aggregate fractions would have
distinct MidIR spectra with specific bands or regions associated
with each fraction. Additionally, we hypothesized that agroeco-
systems (ICL and CTN) would result in distinct spectra as a re-
sult of differing vegetation and management practices.

MATERIALS AND METHODS
Systems Description and Soil Sampling

Samples were collected from two long-term (>10 yr) sys-
tems located six miles east of New Deal, TX, on the Texas Tech
University Experimental Farm. The farm is located within the
semiarid Texas High Plains region, with a mean annual precipi-
tation of 470 mm and mean annual temperature of 15°C. The
soil series was a Pullman clay loam (a fine, mixed, superactive,
thermic Torrertic Paleustoll) with an average soil pH of 8.3 in
the top 15 cm and clay and sand contents of 32 and 38%, re-
spectively. Subsequent testing found no carbonates present in the
identified sampling depth. The systems were established in 1997
to compare a CTN system (0.25 ha) with an ICL system (Allen
et al., 2012). Both systems were deficit irrigated through subsur-
face drip irrigation with 1-m spacing buried to a depth 0f 0.36 m
and were scheduled to replace 65 and 77% of evapotranspiration
in the ICL and CTN systems, respectively. Cotton was planted
into chemically terminated Lockett wheat following tillage in
May from 1997 to 2004, after which time wheat was discontin-
ued and only cotton was grown. The ICL (the total area per rep-
licate was 3.9 ha) consisted of a 2.1-ha no-till WW-B. Dahl Old
World bluestem component, with the remaining area divided
between two stages of a rotation (0.9 ha each) in which cotton
was grown in a no-till rotation of wheat, fallow, and rye such that
both stages did not have the same crop at the same time. The two
stages of the rotations are referred to here as cither rye—cotton—

wheat-fallow (RCWF) or wheat-fallow-rye-cotton (WFRC),

with the last crop indicating the crop planted immediately before
sampling. The ICL was grazed beginning in January of each year,
with steers (1.7 steers ha™1) rotated through the system until
July, when they were moved to a feedlot (Allen et al., 2005). Each
system was replicated three times in a randomized block design.
In 2008, a 2-yr period was initiated when all farming operations
ceased but bluestem remained on site (Allen et al., 2012). Soil
samples were collected in December 2010 (0-15 c¢m) using a
shovel from a shallow hole by removing a uniform 5-cm-thick
slice from one wall of the hole. A minimum of four samples were
collected per vegetation component, gently mixed, and homog-
enized to obtain a single representative sample. Soils were passed
gently through an 8-mm sieve and air dried before soil aggregate
fractionation and analysis.

Water-Stable Aggregate Isolation

Water-stable aggregates were isolated according to the
method described by Elliott (1986). Briefly, 100 g of air-dried
(<8-mm) soil was slaked by submerging subsamples into deion-
ized water on 2 2000-mm sieve for 5 min. Subsamples were then
wet-sieved by raising and lowering the sieve 50 times during a
2-min period with an amplitude of approximately 3 cm. The
wet-sieving process was repeated with 250- and 53-mm sieves us-
ing the suspension that had passed through the previous sieve.
The soil that remained on each sieve was transferred to an alu-
minum drying dish and oven dried at 60°C. Following the final
sieve (53 mm), the solution was transferred to a large drying dish
to recover the silt + clay fraction. This process resulted in the
isolation of four water-stable aggregate fractions: large macroag-
gregates (>2000 mm), small macroaggregates (250-2000 mm),
microaggregates (53-250 mm), and silt + clay (<53 mm).

Intra-aggregate Isolation

A subsample of the macroaggregate fractions (combined
large and small macroaggregates) was further fractionated into
three intra-aggregate fractions by shaking the soil under continu-
ous water flow in a device mounted on a shaker consisting of a
250-mm sieve and 50 glass beads (4 mm in diameter) as described
by Six et al. (2000). Shaking continued until all macroaggregates
were dispersed. Any material remaining on the 250-mm sieve
(intra-aggregate POM) was transferred to an aluminum drying
dish and oven dried at 60°C. Material that had passed through
the 250-mm sieve was collected on a 53-mm sieve and wet-sieved
as described above to isolate stable intra-aggregate microaggre-
gates and intra-aggregate silt + clay. Once dry, a subsample of
each fraction was hand ground to a fine powder, transferred to a
prelabeled micro-centrifuge tube, and shipped for MidIR analy-
sis. Description for SOC concentration analysis were provided
by Fultz et al. (2013a) and is repeated briefly here. Dry combus-
tion using a LECO TruSpec CN analyzer was used to assess the
total C concentration. Inorganic C (i.e., carbonates) was exam-
ined via acidification of a subset of samples before analysis. No
detectable inorganic C was present, and the measured total C

was assumed to correspond to SOC.
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Chemical Composition Using Fourier-Transform
Mid-Infrared Analysis

Following drying (60°C) and grinding using a mortar and
pestle, spectral analysis was completed using a Digilab FTS 7000
Fourier-transform spectrometer (Varian, Inc.) with a deuter-
ated, Peltier-cooled, triglycine sulfate detector and KBr beam
splitter. The spectrometer was fitted with a Pike AutoDIFF dif-
fuse reflectance accessory (Pike Technologies) and KBr used
as background. Data were obtained as pseudo-absorbance

! resolution,

[log(1/reflectance)]. Data were collected at 4 cm™
with 64 co-added scans per spectrum from 4000 to 400 cm™!
(Calderén et al., 2011a). Spectra replicates were averaged, result-

ing in one value per sample.

Statistical Analysis

The experimental design consisted of a completely random-
ized block design with three field replicates. Data were analyzed
at the vegetation (CTN, bluestem, RCWF, and WFRC) level.
Analysis of pseudo-absorbance (PA) spectrum data was con-
ducted using the R-Project software package Version 3.0.2 (R
Development Core Team, 2013). Distance (Bray) matrices were
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Fig. 1. Average pseudo-absorbance (stacked) for each fraction
isolated from samples collected in 2010 for the (a) full mid-infrared
and (b) 400 to 2000 cm~" spectra for the intra-aggregate particulate
organic matter (iPOM), intra-aggregate silt + clay (iSilt+Clay), intra-
aggregate microaggregate (iMicro), silt + clay, microaggregate
(Micro), and macroaggregate (Macro) fractions and the whole soil.
Spectra were stacked to facilitate visualization of the differences
between aggregate fractions.

produced using the vegan package (Oksanen et al., 2013) and
used in distance-based redundancy analysis. Ordination plots
were used to visualize differences between fractions and agro-
ecosystems within fractions, with ellipses used to represent 95%
confidence intervals around the group center. Greater distances
between points represents a greater dissimilarity between those
points. Analysis of variance (ANOVA) with o = 0.05 was used
to determine if the spectra distinguished samples according to (i)
aggregate fractions, regardless of management, or (ii) manage-
ment within each fraction. When significant differences were
identified, Pearson’s correlation coefficients were used to evaluate
the relationships between MidIR spectra and aggregates, with a
Pearson correlation value of |R| > 0.3 value used to identify sig-
nificant peaks or regions. The R value was selected such that it
would provide a conservative value of the relationship between
the spectral analysis and the associated fraction or agroecosystem.

RESULTS AND DISCUSSION
Soil Organic Carbon Distribution within Different
Aggregate Fractions Using Fourier-Transform Mid-
Infrared Spectra

The aggregate fractions, especially the intra-aggregate POM,
had different spectral properties due to the wide differences in soil
mineralogy, as seen in Fig. 1. Regardless, it is important to docu-
ment how soil fractions varied in band intensities, understanding
that the differences were due to a combination of organic and
mineral PA depending on what region of the spectrum was being
observed. Comparisons of spectral bands between different aggre-
gate fractions has to be done with the understanding that mineral
differences will affect the intensities of bands that otherwise are
thought of as organic. Agronomic treatment effects on the spec-
tra from the same aggregate fractions will be more similar due to
similar mineral backgrounds because the soil series (Pullman clay
loam) and soil texture (Zobeck, unpublished data, 2004) did not
vary across the replicates. Based on the average PA for each frac-
tion (Fig. 1a), the intra-aggregate POM spectral profile was most
distinguishable from the other soil fractions, particularly in the
400 to 2000 cm ™! region (Fig. 1b). Increased PA at 1350 cm™!
in POM fractions (Fig. 1b) agreed with the results of Calderén
et al. (2011b), who reported that POM from several Corn Belt
soils had high absorbance near 1350 cm™ L. Pscudo-absorbance
within this region has also been associated with shallow soils rela-
tive to deeper soils (Calderén et al., 2011a). While the presence
of carboxylate (1380-1400 cm™!) and aromatic bands would be
consistent with the presence of older recalcitrant C, adding labile
substances like amino acids or cellulose have resulted in increased
PA near 1350 cm™! (Calderén et al., 2013). Carbonates also ab-
sorb in the 1380 to 1400 cm ™1 region, so this band could not be
attributed solely to organic PA. However, two lines of evidence
support the concept that carbonates were not an important part
of the MidIR spectra for these soils and fractions: (i) the char-

1 was absent (Fig. 1); and

acteristic carbonate peak at 2515 ecm™
(ii) no measureable inorganic C was detected in these samples,

as described by Fultz et al. (2013a). The intra-aggregate POM
samples had a higher 1600/1060 cm™! ratio (1.3) relative to
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all other fractions (1.0) with the exception of macroaggregates
(1.2), which suggests PA by carboxylate C-O asymmetric stretch
and/or aromatic C=C stretch and/or conjugated ketone C=0
stretch (Table 1). The higher 1600/1060 cm™! ratio in the intra-
aggregate POM fraction compared with the other size fractions
conflicts with other reports of relatively labile SOM in the intra-
aggregate POM fraction (Six et al.,, 1998; Calderén et al., 2011b).
However, cotton residues are typically high in lignin content and
can result in more stable C, which may be one source of material
responsible for increased PA in bands typically associated with
carboxylates (Zibilske and Materon, 2005). It has to be noted
that PA at 1060 cm ™! is also influenced by the silicate inversion
band in neat samples and is not completely explained by organic
PA. Regardless, we showed that the 1600/1060 cm™ ratio was
useful to differentiate the different size fractions. The PA within
the 1790 to 2000 cm™! region (Fig. 1b) in the intra-aggregate
POM corresponds to a relatively high amount of quartz within
the intra-aggregate POM relative to the other fractions (Nguyen
et al., 1991), consistent with the previously observed separation
of the sands into POM during the sieving process (Calderén et
al., 2011b). The intra-aggregate POM fraction differed from the
rest of the fractions because of lower PA at 3625 cm™! (Fig. 1a).
The Pullman clay loam has montmorillonite and illite as the prin-
cipal types of clay, and the spectral data showed that fractionation
acted to remove clays from the intra-aggregate POM.

MidIR spectra distinguished between aggregate fractions
(p < 0.0001), with the intra-aggregate POM separating from all
other fractions (Fig. 2a). No significant differences were found
among the remaining fractions. The intra-aggregate POM frac-
tion was significantly correlated with relatively high PA in the
range associated with carboxylate (1380-1400 cm™!), pheno-
lic C-O (1380-1420 cm™1), and aliphatic C-H (1370-1470
em™1) (Fig. 2b). Additionally, the macroaggregates and micro-
aggregates were differentiated from other fractions by relatively
high PA at 1570 and 1700-1765 cm~ L respectively. The pres-
ence of aromatics would support previous studies demonstrat-
ing the incorporation of fresh material into the macroaggregate
fraction (Cambardella and Elliott, 1994; Jastrow, 1996). Pseudo-
absorbance in the 1610 to 1650 cm™! region cannot be attrib-
uted to any one single functional group or operationally defined
fraction but has been an indication of proteins, lignin, and/or
humic acids (Baes and Bloom, 1989; Calderén et al., 2011a), and
the 2800 to 3000 cm™! region corresponds to the presence of
aliphatic C-H (Haberhauer et al., 1998; Leifeld, 2006). The PA
at 3400 cm ™1, a band associated with OH and NH, has been re-
lated to relatively labile SOM (Haberhauer and Gerzabek, 1999;
Calderén et al., 2011b). The band at 1570 is indicative of amide

IT but also a possible influence of aromatic rings or minerals.

Role of Vegetation in Fourier-Transform Mid-

Infrared Spectra within Aggregate Fractions
Analysis of vegetation as a main effect within each aggregate

fraction revealed significant differences in spectral data in the

microaggregate, sile + clay, intra-aggregate POM, and intra-ag-

gregate silt + clay fractions (‘Table 2). These vegetation differenc-
es, not observed in the whole-soil spectral analysis, demonstrated
the importance of soil fractionation to examine the sensitivity of
aggregate C pools to management practices.

Vegetation type did not influence the SOC concentration
in the silt + clay fractions (Fultz et al., 2013a; Table 2) but had
a significant effect on the chemical composition according to
MidIR data (Table 3). The spectra of the silt + clay fraction for
both rotations were different from those for bluestem, and the pro-
file for RCWF was distinct from that of CTN (Table 3; Fig. 3a).
The bands for aliphatic CH (2800-3000 cmfl), O-H and N-H
stretch (33003450 cm 1), and OH of clay particles (3600-3700
em ™) were positively correlated along Axis 1, which aligned with
samples in the rotation relative to those from bluestem and CTN
(Fig. 3b; Table 1). The RCWF stage was characterized by greater
PA at 1380 to 1410 and 1700 to 1720 cm™ L. While assignment in

these regions could be attributed to phenolics and carboxlic acids
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Fig. 2. (a) Principal coordinate analysis ordination plot and (b)
Pearson correlation coefficients of pseudo-absorbance readings
at wavelengths within the Fourier-transform mid-infrared spectra
(400-4000 cm~") from all samples collected in 2010 for the whole
soil and the macroaggregate (Macro), microaggregate (Micro), silt +
clay (5+C), intra-aggregate particulate organic matter (iPOM), intra-
aggregate microaggregate (iMicro), and intra-aggregate silt + clay
(iS+C) fractions. Ellipses represent 95% confidence intervals around
the group center.

1944

Soil Science Society of America Journal



and to aromatics, respectively, it should be noted
that minerals can absorb in and around these bands,
so assignments have to be made tentatively. In con-
trast, the WFRC stage had greater PA in the regions
for polysaccharide or silicate (1000-1160 cm™1).
Within the intra-aggregate silt + clay fraction, all
vegetation components were different from each
other with the exception of bluestem and WFRC

Table 2. Average (n = 3) soil organic C concentration of the whole soil and
water-stable macroaggregate, microaggregate, and silt + clay (Macro, Micro,
and S+C, respectively) and intra-aggregate particulate organic matter, micro-
aggregate, and silt + clay (iPOM, iMicro, and iS+C, respectively) fractions col-
lected in 2010 at both the continuous cotton (CTN) and integrated crop-live-
stock (ICL) systems and cropping systems of continuous cotton, grazed WW-B.
Dahl Old World bluestem, and rye—cotton-wheat—fallow (RCWF) and wheat-
fallow-rye—cotton (WFRC) rotations (data adapted from Fultz et al., 2013a).

Soil organic C concentration

System Whole soil Macro  Micro S+C iPOM  iMicro  iS +C

(Table 2; Fig. 4a). Figure 4a shows that RCWF had g kg soil g kg aggregate
significantly different PA patterns relative to the rest  Cropping system
of the land management systems. The Pearson cor- CTN 9.0 13.6 10.2 10.5 7.2 16.5 14.3
relation (R) scores for the first axis did not resolve ~ ICL 11.6 24.1 10.2 11.9 33.3 19.2 13.6
the bands responsible for the RCWF clustering. Vegetation
However, the average spectra for the different trear- ~ Cotton 9.0 13.6 10.2 10.5 7.2 16.5 143
ments showed that the RCWF treatment had high- ~ Bluestem 12.7 305 94 124 522 171 13.2
er PA at 3470, 2930, 1440 to 1400, and 1280 cm™1 ~ RCWF 98 147108 103 140 215 147

WEFRC 11.0 19.2 11.5 12.4 9.8 21.7 13.2

(Fig. 4b). These bands can represent several or-
ganic moieties including aliphatic C-H and C-O
stretch, as well as OH and NH (Table 1). The intra-aggregate sile
+ clay fraction of the RCWF treatment had the highest organic
C concentration compared with the rest of the agronomic treat-
ments (Table 2). The increase in these bands in the RCWF intra-
aggregate silt + clay is consistent with the organic origin of these
bands, although mineral PA cannot be discounted. Although the
rotation had remained fallow before sampling in 2010, the crop
type planted last (c.g., cotton vs. an additional fallow year) may
have contributed significantly to the most recent influx of organic
material and thus the spectral PA at these organic bands (Acosta-
Martinez et al., 2004).

Within the intra-aggregate POM fraction, the spectral pro-
file for bluestem was distinct from all other vegetation compo-
nents, and the profile of CTN was different from that of WFRC
(Table 2; Fig. 5a). The regions <1300, 1570, 1630 to 1660, 1710,
1720, 2800 to 3000, and 3300 to 3450 cm ™! were more strongly
(|R| > 0.03) correlated with the bluestem component than with
the rotation and CTN (Fig. 5b). These results were consistent
with the lower organic matter in the intra-aggregate POM of the

crop rotations and cotton relative to the bluestem. The region be-
tween 700 and 975 cm™! (Fig. 4a) may be indicative of aromatic
CH in bluestem soils; however, this region can include a mixture
of organic and mineral functional groups, making identification
difficule (Calderén etal., 2011a). In general, the bands at 1000 to
1160 and 1410 cm™! indicated the presence of polysaccharides
in intra-aggregate POM fractions isolated from bluestem rela-
tive to the rotation and CTN samples (Fig. 4b). Although not
significant, CTN intra-aggregate POM also was distinguished
by absorption within the region between 1370 and 1470 cm~ L
which has been associated with the presence of aliphatic C-H,
carboxylate C-0, and phenolic C-O stretch (Calderén et al.,
2011b). The presence of phenolic compounds may stem from
the high polyphenolic content of cotton residues (Zibilske and
Materon, 2005). The 1630 to 1660 cm™! band found within
bluestem components suggested the presence of proteinaceous
material and/or organic nitrates. Calderdn etal. (2013) observed
that small additions of pure amino acids to agricultural soils re-
sult in increased absorbance at the amide bands between 1670

Table 3. Analysis of variance results for Fourier-transform mid-infrared spectra of the whole soil and water-stable macroaggregate,
microaggregate, and silt + clay fractions and intra-aggregate particulate organic matter, microaggregate, and silt + clay (iPOM,
iMicro, and iS+C, respectively) fractions to compare across vegetation components of continuous cotton, grazed WW-B. Dahl
Old World bluestem, and rye-cotton-wheat—fallow (RCWF) and wheat—fallow-rye—cotton (WFRC) rotations. Each vegetation
component was replicated three times, resulting in n = 12 for vegetation comparisons.

p valuet

Vegetation  Bluestem vs. Bluestem vs. Bluestem vs. RCWEF vs. RCWEF vs. WERC vs.
Soil fraction p valuet WFRC WFRC cotton WFRC cotton cotton
Whole soil ns§ ns ns ns ns ns ns
Macroaggregate ns ns ns ns ns ns ns
Microaggregate 0.017 0.027 ns 0.049 ns ns ns
Silt + clay 0.045 0.024 0.040 ns ns 0.029 ns
iPOM 0.0004 0.024 0.023 0.022 ns ns 0.022
iMicro ns ns ns. ns ns ns ns
iS+C 0.001 0.024 ns 0.022 0.030 0.025 0.023
t p values for vegetation main effects.
¥ p values within specific aggregate fractions when a significant vegetation effect exists.
§ NS, not significant at p = 0.05.
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and 1580 cm™!. However, a higher 1600/1060 cm ™! ratio was
measured in the CTN component, signifying an increased pres-
ence of carboxylate C functional groups and probably indicative
of the incorporation of stalk material remaining after CTN har-
vest. Bands between 2800 and 3000 cm™! suggest that aliphatic
C-H groups characterize bluestem intra-aggregate POM, which
agrees with the significantly higher C content of the intra-aggre-
gate POM from the bluestem treatment relative to the annual
components (Table 2).

Despite greater intra-aggregate microaggregate SOC con-
tent in the two stages of the rotation and bluestem components
(Fultz et al,, 2013a; Table 2), no differences as a result of veg-
etation were observed in this fraction (Table 3). However, the
bluestem tended to be more different (greater distance between
points) than the samples collected in the rotations and CTN
components. This may be indicative of the level of decomposi-
tion of the material found within this fraction. As described by
the aggregate hierarchical model, this intra-aggregate microag-
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Fig. 3. (@) Principal coordinate analysis ordination plot and (b)
Pearson correlation coefficients of pseudo-absorbance readings
at wavelengths within the Fourier-transform mid-infrared spectra
(400-4000 cm~") from silt + clay fractions collected in 2010 from
a grazed WW-B. Dahl Old World bluestem paddock, continuous
cotton, and rye-cotton-wheat-fallow (RCWF) and wheat—fallow-rye-
cotton (WFRC) rotations. Ellipses represent 95% confidence intervals
around the group center.

gregate fraction may result from the breakdown of the intra-
aggregate POM fraction leaving the more recalcitrant materials,
which then become physically isolated within the macroaggre-
gates (Six et al.,, 1998). As the material is broken down, it be-
comes difficult to discern differences in composition and may
lend further evidence to the accumulation of degraded material
within the intra-aggregate microaggregate fraction.

CONCLUSIONS

Fourier-transform mid-infrared spectral analysis was able
to distinguish among aggregate fractions, with the greatest dif-
ference in the intra-aggregate POM fraction. Macroaggregates
and microaggregates were distinguished by relatively higher PA
in the region associated with the 1630 to 1660 cm™! region
compared with PA in this region by the other fractions, which
may reflect the presence of fresh plant residue. Conversely, the
intra-aggregate POM fraction was distinguished by increased
PA within the 1790 to 2000 cm™! region, which is indicative
of the quartz associated with this fraction, while lower PA at
3625 cm™! suggests that the fractionation method was suc-
cessful at separating the intra-aggregate POM fraction from
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Fig. 4. (@) Principal coordinate analysis ordination plot and (b)
average (n = 3) pseudo-absorbance readings at wavelengths within
the Fourier-transform mid-infrared spectra (400-4000 cm~) from
intra-aggregate silt + clay fractions collected in 2010 from a grazed
WW-B. Dahl Old World bluestem paddock, continuous cotton, and
rye—cotton-wheat-fallow (RCWF) and wheat-fallow-rye-cotton
(WFRC) rotations. Spectra were stacked to facilitate visualization of
the differences between vegetation components.
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Fig. 5. (a) Distance-based redundancy analysis ordination plot and
(b) Pearson correlation coefficients of pseudo-absorbance readings
at wavelengths within the Fourier-transform mid-infrared spectra
(400-4000 cm™") from the intra-aggregate particulate organic matter
fraction collected in 2010 from a grazed WW-B. Dahl Old World
bluestem paddock, continuous cotton, and rye—cotton-wheat—fallow
(RCWF) and wheat-fallow-rye-cotton (WFRC) rotations.

the clay material. Our results support the presence of ester,
carboxylate, or phenolic C-O (1370-1470 cmfl) in the
typically labile intra-aggregate POM fraction. Further studies
should examine if these bands are lost on mineralization of the
intra-aggregate POM. Chemical composition based on MidIR
spectral analysis was significantly impacted by agricultural land
management practices in the intra-aggregate POM and both
silt + clay fractions—a trend not observed in the whole soils.
Within the silt + clay fraction, in which SOC concentrations
did not change, samples from the rotation were distinguished
by aliphatic C-H, O-H, and N-H stretch and O-H of clay
particles. In particular, the WFRC, with the more recent influx
of vegetation, was characterized by more aromatic and poly-
saccharide functional groups relative to the RCWF rotation.
Within the intra-aggregate POM fraction, CTN management
translated into an increased presence of esters and carboxylate
functional groups, while bluestem correlated with the presence
of aromatic and polysaccharides. The use of MidIR spectra to
evaluate water-stable and intra-aggregate size fractions revealed
detailed changes in C functional groups associated with soil ag-

gregates and impacted by agroecosystem management. These

shifts in spectral profiles as a result of management confirm the
importance of examining the chemical composition to better
understand the potential of alternative management for in-

creasing C sequestration.
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